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Abstract: Flexible electronics is a field gathering a growing interest among researchers and
companies with widely varying applications, such as organic light emitting diodes, transistors
as well as many different sensors. If the circuit should be portable or off-grid, the power sources
available are batteries, supercapacitors or some type of power generator. Thermoelectric generators
produce electrical energy by the diffusion of charge carriers in response to heat flux caused by a
temperature gradient between junctions of dissimilar materials. As wearables, flexible electronics
and intelligent packaging applications increase, there is a need for low-cost, recyclable and printable
power sources. For such applications, printed thermoelectric generators (TEGs) are an interesting
power source, which can also be combined with printable energy storage, such as supercapacitors.
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate), or PEDOT:PSS, is a conductive polymer
that has gathered interest as a thermoelectric material. Plastic substrates are commonly used for
printed electronics, but an interesting and emerging alternative is to use paper. In this article, a printed
thermoelectric generator consisting of PEDOT:PSS and silver inks was printed on two common types
of paper substrates, which could be used to power electronic circuits on paper.
Keywords: thermoelectric generator; PEDOT:PSS; stencil print; paper substrates; Seebeck coefficient
1. Introduction
Flexible electronics is a field gathering a growing interest among researchers and companies.
The applications vary widely, as the term flexible and printed electronics encompass everything from
Organic Light Emitting Diodes (OLEDs) and transistors, as well as a multitude of different sensors, and
also the fabrication of conductive tracks on non-standard substrates [1–11]. One interesting application
field is electrical circuits covering large areas, i.e., where components, such as sensors, are placed over
an area that would not be practical using standard printed circuit boards (PCBs) or flexible PCBs.
This could be circuits on posters and cardboard boxes, and as wearables or sensors covering large
areas, etc. [9–11]. Also, micro LEDs are an interesting device that could be powered using a low power
source [12–14].
If the circuit should be portable or off-grid, the power sources available are batteries,
supercapacitors or some type of power generator [15–17]. To add batteries is not always possible, or
limits the usefulness, shelf life or operating lifetime of the device.
There are several options to manufacture power generators on flexible substrates, including
triboelectric and thermoelectric generators [18–22]. Thermoelectric generators (TEGs) produce
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electrical energy by the diffusion of charge carriers in response to heat flux caused by a temperature
gradient between junctions of dissimilar materials [18]. The Seebeck coefficient, S, relates the magnitude
of charge carrier flow to the temperature gradient.
Thermoelectric materials are commonly compared using a dimensionless figure of merit, denoted
ZT, that depends on the Seebeck coefficient and the electrical and thermal conductivity of the material.
There are many types of thermoelectric materials, where Bi2Te3 and Bi2Se3 are among the ones with
the highest figure of merits in the range of approximately 1.0 ZT, compared to 0.25 ZT reported for
optimized poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) [23,24]. The reason
that not exclusively high-performance materials are used for TEGs is due to a combination of cost,
processability and applications.
As the use of wearables, flexible electronics and intelligent packaging applications increases, there
is a need for low-cost, recyclable and printable power sources. For such applications, printed TEGs are
an interesting power source, which can also be combined with a printable energy storage device such
as supercapacitors [15,17].
PEDOT:PSS is a conductive polymer that has been widely used for transistors, sensors and has
also gathered interest as a thermoelectric material [25–28].
Substrates used for printed electronics are commonly plastic, as they have a low surface roughness,
temperature tolerance, dimensional stability and barrier properties against oxygen and water.
An interesting and emerging alternative is to use paper as a substrate, which has the benefits of
being environmentally friendly, recyclable and renewable. Also, there is an interest to include printed
electronic functions together with existing paper products such as packaging [4–6,8–11].
The manufacturing and material cost of the presented printed TEGs on paper can be kept low
if screen printing, stencil printing, or roll-to-roll production techniques is used. The technological
threshold to start such production can also be considered low, as both PEDOT:PSS and silver (Ag) ink
formulated for screen printing are readily available and the printing equipment is the same as used for
graphical printing.
Such printed TEGs can be also of interest where large areas could be covered with TEGs, but
where the high-cost of traditional TEGs are prohibiting, and therefore, are not utilized. This could be
on wastewater pipes, on buildings and similar places. In such cases, a low performance can be justified
if the cost is significantly lower.
In this article, we present a TEG consisting of PEDOT:PSS and silver (Ag) inks, which can be used
to power electronic circuits on paper. The aim of the work is to study the effect that different paper
substrates can have on the performance of PEDOT:PSS-based thermoelectric generators, compared to
plastic substrates.
The substrates used are photo paper (PP), cardboard (CB) and polyetentereftalat (PET). The PP is
a high-quality paper with a very low surface roughness and with a thick (approximately 50 µm), highly
absorptive coating, consisting of AlO(OH), intended for rapid solvent absorption from ink-jet inks.
2. Materials and Methods
The TEG were designed as alternating lines, consisting of PEDOT:PSS and Ag, with a slight
overlap to obtain a good electrical connection, as shown in Figure 1. The printing was performed
manually using a 100 µm thick steel stencil with the pattern and a metal squeegee, with dimensions
shown in Figure 1.
The inks used for the preparation of the TEGs were PEDOT:PSS screen ink, 5 wt.% Orgacon
EL-P-501 (768650, Sigma Aldrich), with a viscosity stated to be between 30 to 90 × 103 mPas, and
screen print Ag ink (Loctite EDAG 725A, Henkel). The TEGs were printed on Canon PT-101 photo
paper, Invercote-T cardboard (Iggesund, Sweden) and on PET (100 µm). Firstly, the Ag layers were
printed and dried in an oven at 110 °C for 20 min. Then, the process was repeated with PEDOT:PSS
ink and the same drying conditions.
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Figure 1. Printed thermoelectric generators (TEG) pattern showing the alternating Ag and poly(3,4-
ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS) elements. 
As a comparison, carbon screen ink (Henkel) and Ag screen ink were used to print the same TEG 
structure on PP. 
The thickness of deposited lines was measured using a Bruker Dektak XT stylus profilometer 
with a diamond tip and a stylus force of 0.03 mg. For data analysis, Vision64 (Bruker) Operation and 
Analysis Software were used. The surfaces of the PEDOT:PSS lines were scanned using atomic force 
microscopy (AFM), where a Dimension ICON (Bruker) working in PeakForce mode with ScanAsyst-
Air probe was used under ambient conditions. 
Thermoelectric measurements were performed using a Peltier cooler with a PT-100 temperature 
sensor to monitor the temperature of the cold side. Voltages were measured using an Agilent 34405A 
multimeter. Currents were measured through a load resistor matching the resistance of the 
thermoelectric element using a Keithley 2611A source meter. Spring-loaded probes were used, where 
the positive probes were positioned on the PEDOT:PSS electrode and the negative probes on the Ag 
electrode. The TEGs were positioned with one row of junctions on the cooler and the other row on 
the insulating foam, as shown in Figure 2. The hot side of the sample was kept in room temperature, 
while the cool side was cooled down to different temperatures. 
 
Figure 2. Thermoelectric measurement setup consisting of a Peltier cooler element and a PT-100 
temperature sensor as indicated in the figure. A printed TEG consisting of alternating PEDOT:PSS 
and Ag lines is positioned halfway over the Peltier element (cold side) and room temperature (hot 
side). 
Additional temperature measurements on the hot and cold side of the TEG were performed 
using a thermal imaging camera (FLIR i7) as shown in Figure 3. The temperature on the hot side 
(room temperature) was seen to also decrease, as the thermoelectric cooler will have an effect on the 
nearby surroundings.  
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Figure 2. Thermoelectric measurement setup consisting of a Peltier cooler element and a PT-100
te perature sensor as indicated in the figure. A printed TEG consisting of alternating PEDOT:PSS and
Ag lines is positioned halfway over the Peltier element (cold side) and room temperature (hot side).
Additional temperature measurements on the hot and cold side of the TEG were performed
using a therm l imaging camera (FLIR i7) as shown in Figure 3. Th temp rature on the h t side
(room temperature) was seen to lso decrease, as the thermoel ctric cool r will hav a eff ct on th
nearby surroundings.
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Figure 3. Thermal imaging camera showing the cold (a) and hot side (b) of the TEG mounted on the 
thermoelectric measurement setup. 
3. Results 
The Seebeck coefficients and power factors were calculated using voltages and currents 
measured at a temperature difference of 15 K. The Seebeck coefficient is defined as the voltage output 
change per degree Kelvin, as shown in Equation (1). 
S = −𝛥𝑉/∆𝑇 (1) 
The power factor is a figure of merit defined as shown in Equation (2). 
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where W is the power calculated from the measured current and voltage, L is the length of one 
thermoelectric element (10 mm), A is the cross-section area of the PEDOT:PSS line as measured by 
profilometry and ΔT is the temperature difference.  
The results of the PEDOT:PSS TEGs fabricated on the different substrates as well as for the 
carbon/Ag TEG is summarized in Table 1, where the resistance is a mean value obtained by 
measuring along each printed line. The Seebeck value for Ag is deducted from the values presented 
in Table 1, using the absolute value of +1.5 µV/K (not relative Pt) [29]. 
Table 1. Measured parameters of the printed PEDOT:PSS/Ag TEGs on Photo Paper (PP), Cardboard 
(CB) and polyetentereftalat (PET) substrates as well the graphite/Silver (Ag) reference sample. 
 PP CB PET Carbon on PP 
Thermoelectric voltage for ΔT 15 K (µV) 330 400 400 −200 
Thermoelectric current for ΔT 15 K (nA) 80 70 65 60 
Seebeck voltage (µV/K) 21.5 25.5 25.5 −11.5 
Power Factor (µWm−1K−2) 0.8 0.9 1.3 0.4 
PEDOT:PSS Resistance (Ω) 380 760 390  
Carbon Resistance (Ω)    210 
Ag Resistance (Ω) 0.26 0.27 0.28 0.22 
Additional measurements were carried out on the CB TEG to determine the voltage and currents 
at increasing temperature differences, as shown in Figure 4. Due to difficulties in adjusting the Peltier 
element to exact temperatures, the measurements were carried out at somewhat irregular 
temperature steps.  
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The Seebeck coefficients and power factors were calculated using voltages and currents measured
at a temperature difference of 15 K. The Seebeck coefficient is defined as the voltage output change per
degree Kelvin, as shown in Equation (1).
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Table 1. Measur d parameters of the print d PEDOT:PSS/Ag TEGs on Photo Paper (PP), Cardboard
(CB) and polyetentereftalat (PET) substrates as well the graphite/Silver (Ag) reference sample.
PP CB PET Carbon on PP
Thermoelectric voltage for ∆T 15 K (µV) 330 400 400 −200
Thermoelectric current for ∆T 15 K (nA) 80 70 65 60
Seebeck voltage (µV/K) 21.5 25.5 25.5 −11.5
Power Factor (µWm−1K−2) 0.8 0.9 1.3 0.4
PEDOT:PSS Resistance (Ω) 380 760 390
Carbon Resistance (Ω) 210
Ag Resistance (Ω) 0.26 0.27 0.28 0.22
Additional measurements were carried out on the CB TEG to determine the voltage and currents
at increasing temperature differences, as shown in Figure 4. Due to difficulties in adjusting the
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It can be seen that the voltage and current increased linearly, and a linear fit determined that the
voltage change was 25 µV/K and the current change was 5 nA/K.
Additionally, power factors were obtained for different temperatures, as measured on the cold
side of the setup. The results is displayed in Figure 5, where some irregularities were observed at
colder temperatures, but the trend was that the power factor increases for lower temperatures.
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that the Ag lines on the PET, flowed out the most, otherwise the line defi ition was sharp.
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The profilometry analysis of the Ag ink lines, shown in Figure 8, revealed that the lines printed
on CB and PP were close to the width of the stencil, but the line on the PET had flowed out to a width
of 1.4 mm.
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expected of carbon material, which has a low Seebeck coefficient and demonstrates that the cooling
and measurement setup produced reasonable results.
Considering the substrates used in this work, the PP was a substrate with very low surface
roughness and a highly absorbent, thick top coating of approximately 50 µm. The coatings of PP
are used for rapid absorption of solvent from ink-jet inks, and are therefore, highly porous. The CB
substrate is used for packaging and is commonly found in boxes for retail products. The surface
roughness of CB was higher than for PP, although still low compared to plain copy paper, and the
surface was less absorbing. The PET substrate acted as a reference, as it has a low surface roughness
and was non-porous.
The profilometry measurements on the PEDOT:PSS lines in Figure 7 showed that the ink did not
flow out after printing, and considering that the viscosity was given by the manufacturer to be in the
range between 30 to 90 Pa·s, this can be expected.
The thickness on the CB substrate showed the largest variations, with valleys and peaks ranging
from 1 to 4 µm. This could be explained by the higher surface roughness of the CB substrate compared
to the very low surface roughness of the PET and PP.
The profilometry analysis of the Ag ink lines in Figure 8 showed that the line on the PET did flow
out to a width of 1.4 mm, a considerable difference to the stencil width of 1 mm. The lower viscosity of
the Ag ink, 16.5 Pa·s, in combination with the non-porous surface of the PET substrate, could explain
this behavior.
When examining the AFM measurements of the PEDOT:PSS surface on the different substrates,
the feature that stood out was the small grains present on the larger grains, visible on the PET substrate
(Figure 9). This feature did not seem to have a significant effect on the resistance, which was 390 Ω on
PET and 380 Ω on PP, respectively.
PEDOT:PSS has been shown to be sensitive to many parameters, where chemical treatment is
an effective way to modify the conductance and Seebeck coefficient. The conduction mechanism of
PEDOT:PSS has been stated as the Mott’s variable range hopping (VRH) [30,31] between conductive
PEDOT grains. It has been shown that the deposition method can have an effect on the resulting
morphology of the PEDOT grains, where thin, spin-coated films, were shown to cause flattening of the
spherical PEDOT particles due to solvent evaporation [31]. This resulted in a higher resistance caused
by the increased number of PSS rich grain boundaries in the Z direction. In Reference [32], it was shown
that thin ink-jet printed PEDOT:PSS films on photo paper showed two orders of magnitude higher
resistance than when printed on cardboard, and three orders higher compared to glass. This difference
was also speculated to be caused by the chemical content in the PP coating [32].
It is therefore interesting to note that, in this case of the stencil-printed thermoelectric generators,
there was no large variation of the Seebeck coefficients when comparing the three substrates. The
PEDOT:PPS printed on CB show a resistance of 760 Ω, compared to 380 Ω on PP and 390 Ω on
PET, which was a small difference compared to the two and three orders of magnitude observed for
the thin, ink-jet printed films in Reference [32]. One obvious difference was that the stencil-printed
PEDOT:PSS films were several micrometers thick, while the ink-jet printed measures only tens of
nanometers. The viscosity of the screen ink used here was also much higher, between 30 to 90 × 103
mPa·s, compared to 7–12 mPa·s for the ink-jet ink. This led to less sensitivity to substrate variations,
as a several micrometer thick layer will fill in much larger irregularities of the substrates. There also
seemed to be no discernable effect of the different chemical content in the PP, CB and PET substrates
on the resistance or Seebeck coefficients, which was the case for the ink-jet printed films. This could
likely be attributed to the fact that much less solvent of the high viscosity ink penetrates the coating
layers of the paper substrates, and therefore, there was less transport of chemical content from the
coating layers.
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5. Conclusions
It was found that it was possible to use stencil printing to fabricate PEDOT:PSS TEGs on different,
commercial, paper substrates with no difference in Seebeck coefficients, compared to PET plastic
substrates. In the case of PP, the resistance was similar, even slightly lower, than on PET. Stencil-printed
thermoelectric generators using high viscous PEDOT:PSS ink on paper substrates show no less
performance than when printed on plastic PET substrates. Of course, to obtain a higher performance
TEG device, the PEDOT:PSS material needs to be optimized, as has previously been shown [23,24].
However, it has been shown that printing is a possible route to fabricate TEG power sources. The
applications can be for wearables and packaging, as well as low-cost TEGs for large areas.
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